Historical dwellings make up a significant fraction of the French building stock and require substantial retrofitting to reduce their energy consumption and improve their thermal comfort. In the city center of Cahors, France, the old medieval dwellings are considered as valuable cultural heritage and internal insulation is often the only insulation technique that can be used when the architectural value of the exterior façade is to be preserved. However, internal insulation may have an impact upon the hygrothermal performance of the wall, leading to lowered drying capacity, with possible interstitial condensation and mold growth. Hygrothermal models may be used to assess the risk of failure, but the accuracy of the results depends on how reliable the input data is, including external boundary conditions, which may vary significantly in dense medieval cities such as Cahors. In this study, a Geographical Information System model of Cahors is used to develop EnergyPlus models of individual dwellings. The boundary conditions output by these models are, in turn, used to model the hygrothermal performance of façades with different internal insulations, using the hygrothermal tool Delphin. The Delphin outputs are then analyzed with the VTT model, a mold growth assessment model. Results highlight a quantitative correlation between some urban morphology characteristics and the hygrothermal performance of refurbished walls, with some configurations raising the risk of damage patterns. We find that bio-based insulation presents a better hygrothermal performance than mineral wool in most of the configurations.
Introduction
Energy-efficient retrofitting of existing buildings is essential to reduce energy consumption and improve indoor comfort but retrofitting buildings in historical city centers can present specific challenges. In the center of Cahors, France, owners have to deal with urban heritage preservation rules, numerous local stakeholders, and condominium property agreements that sometimes slow the refurbishment process. Before modifying the thermal and hygrothermal behaviour of a building, retrofit options should consider the natural ventilation, the great sensitivity of old materials to humidity, their high thermal inertia and the influence of the urban micro-climate, which are specific to urban historical buildings [1, 2] . The urban fabric of Cahors is particularly dense and contiguous with four main orientations of the façades, and the very narrow roads reduce the access of solar radiation. The main construction typologies are massive walls (bricks or stone) and timber framed walls. In order to preserve the architectural value of the exterior façade, internal insulation will be preferred in most of these buildings. However, insulating the façade from the inside will result in colder façades during winter and a reduced drying potential of the wall, which can lead to mold growth on the surface or in the interface between the interior insulation and wall. In this complex context, in order to promote appropriate and sustainable insulation techniques for historical buildings, the city council of Cahors set up the ENERPAT project. ENERPAT is the contraction of Energy and Patrimony, the medieval city center being considered as cultural heritage (Figure 1 ).
Figure 1 : City center of Cahors considered as cultural heritage
The project uses a multi-scaled experimental and numerical analysis and a Living Lab methodology as described in [3] and in Figure 2 to promote the use of a bio-based insulation. Key components of the Living Lab are real-life environment testing and co-creation, enabling local stakeholders such as craftsmen, architects or local politicians to work side-by-side with researchers to formulate technical solutions.
Here, only the numerical results will be presented. We focused on the two main particularities of urban historical dwellings: the specific urban morphology and the moisture sensitivity, to see how these two parameters influence the hygrothermal performance of the walls located in a very dense urban morphology. Taking account of these parameters allows us to evaluate indoor insulation systems more accurately according to the typology of the wall.
The goal is to provide easy-to-understand scientific information for planners and politicians. Principal components analysis has been used to identify key factors for moisture risk in order to develop a general guide with simplified indicators enabling planners to identify walls that may become vulnerable after thermal retrofit. Urban morphology
Cities are complex structures and the urban form significantly influences a building's energy consumption [4] and the urban climate [5] . Density, aspect ratio, compactness, and street orientation of the urban fabric will modify the access to solar radiation of the exterior façades, the exterior surface area available for heat loss and protection from the dominant wind, among others [6] . Medieval city centers, like that of Cahors, are considered as a specifically dense urban form [7] . Urban morphological parameters are dominating factors for the formation of urban climate conditions [5] . The urban microclimate modifies the exterior boundary conditions (mainly solar radiation, convective heat transfer coefficient and wind pressure on the building, modifying the Wind Driven Rain (WDR) exposure) and so the hygrothermal performance of the wall. In urban configurations, wind velocity and pressure on buildings may not be easy to evaluate, and studies have sought to examine factors such as urban canyon wind velocity and direction [8] . Urban morphology modifies both long-wave and short-wave radiations, with highly sheltered façades receiving less solar radiation, more ground and building emission and less sky emission, thus avoiding night overcooling.
The urban microclimate can strongly affect boundary conditions [9] . The boundary conditions imposed on a mathematical model are often as critical to its accuracy as the proper modelling of the moisture physics. But in practice, detailed building energy simulations (BES) still typically rely on stand-alone building configurations, not accounting for the influence of neighboring buildings, except perhaps for shading. Here, we seek to account for local modifications of radiations in urban environment.
Risks of excess moisture
Various studies have pointed out the risk of a moisture degradation after an internal insulation [10] , [11] . Furthermore, for historical buildings, their high moisture sensitivity makes a moisture assessment study essential prior to a retrofit.
Building insulation is commonly achieved using materials obtained from petrochemicals (mainly polystyrene) or from sources requiring high energy consumptions for their processing (glass and rock wools) [12] . Bio-based insulation offers an alternative choice with low carbon footprint [13] , [14] , using materials that are often recyclable, and for plant-based ones able to sequester atmospheric carbon during the lifetime of the plant. Recyclability of insulation materials will mainly depend on the chosen binding agent, for example the additions of polymer fibers into wood fiber panels will make more complex the recycling phase. Bio-based materials also present specific hygrothermal properties that might be better suited to the hygrothermal behavior of historical buildings: unlike oil-and chemical-based insulation materials, they are permeable and capable of buffering moisture [15] . In the present study, we worked with a mix of hemp and lime handmade by a local craftsman.
To assess the hygrothermal performance of a wall and to reduce risks of pathology, it is essential to use a relevant pathology indicator. Viitanen et al. [16] point to biodeterioration as an important critical factor for analyzing pathology risks and usage of different materials. Mold and decay damage in buildings are caused by moisture exceeding the tolerance of structures.
In several classifications [17] , [18] , mineral materials or oil based insulations are considered as less sensitive to mold growth than natural materials. Various studies [19] , [20] have focused on the risk of bio-deterioration in bio-based materials. Sedlbauer et al. [21] show that the hemp used in this study is less sensitive to mold growth than other bio-based materials, such as straw or cellulose. Furthermore, lime generates an alkaline environment (pH about 12.5), which inhibits the apparition of mold during the first months.
Materials and method

Coupling various numerical tools
A reliable moisture and mold risk assessment for historical buildings is possible only taking into account the specificities of a thermal refurbishment of a medieval city center, particularly the urban morphology and the moisture sensitivity of the construction materials. Furthermore, the high hygroscopicity of bio-based materials requires detailed hygrothermal modelling. Here, we link various tools enabling us to obtain accurate external boundary conditions to run the hygrothermal model using geographical data. For this purpose, a modelling framework is employed that calculates external façade moisture and temperature levels using the hygrothermal model Delphin 5.8, with boundary conditions modelled from EnergyPlus files generated using geographical data from ArcGIS (see Figure 3 ). Individual building geometry and the geometry and locations of neighboring buildings are exported from a GIS database with building footprint and height data using ArcGIS. The reference data are provided by the French National Geographical Institute (© IGN -2015 -BD TOPO). The same data is then used to model the building envelopes in the modelling tool EnergyPlus, which allows whole-building modelling of each building and its neighbors with the relevant geometry. All the façades of each floor of the buildings of a representative city block have been modelled, i.e., more than 800 walls (which represents around 10000 m²).
Here, EnergyPlus is used to obtain specific external boundary conditions, such as the surface temperature of the external fabric elements. We consider that all outdoor thermal influences are lumped together to give an equivalent outdoor surface temperature [22] , which combines air temperature, convection, and also solar and longwave radiation, which will vary depending on the shading of buildings. Each building is divided into 2.7 m high stories and the mean exterior surface temperature of each story is taken.
Following the EnergyPlus simulations, surface temperature is implemented in Delphin hygrothermal simulations as exterior boundary conditions; Delphin is used here, rather than the Heat and Moisture Transport (HAMT) tool in EnergyPlus, because of its ability to model winddriven rain, and its better discretization of the fabric elements. Among the climatic hazards having most influence on historical buildings, wind-driven rain (WDR) is found to be especially detrimental as it may cause surface erosion and facilitate moisture penetration and biodeterioration [23] , [24] . Furthermore, the high water absorption coefficient of ancient bricks may lead to a greater risk of moisture from the rain reaching the warm side of the masonry. Finally, the temperature and relative humidity at the interface between the masonry and the insulation obtained from Delphin are treated with the VTT model to define the risk of mold growth.
Configurations and parameter variations studied
In order to obtain a broad view of the critical parameters and the influence of urban form, we model all the individual buildings of the city center and all their façades, exterior boundary conditions being different for each story of each façade according to the orientation and the neighboring buildings.
The numerical study focuses on two different historical fabrics, representative of the historical center of Cahors: a timber-framed wall infilled with bricks and a massive brick wall. For both fabrics, we study the hygrothermal performance of two different insulation systems: a conventional insulation (mineral wool) and a bio-based insulation (hemp and lime mix). The details of the configurations are presented in Figure 4 . Both insulation systems have the same thermal transmittance. Hygric and thermal properties of bio-based insulation and historical bricks were characterized in order to compensate for the lack of data on these materials (Table 1) . The dependence between relative humidity and thermal conductivity has been measured for hemp and lime mix with a hot wire method ( Figure 5 ) and a specific function of moisture depending thermal conductivity was created in Delphin 5. The climate conditions at the interior side of the wall are applied according to modelling standard EN13788 (ISO13788, 2012) for relative humidity and air temperature, with a continental climate and high occupancy.
The exterior climatic data used in EnergyPlus was generated by the Meteonorm program for Cahors.
Assessment of moisture safety
The moisture safety assessment is based on the risk of mold growth between the existing wall and the interior insulation. Various mold growth estimation methods have been developed in recent years but, according to Vereecken and Roels [25] , the VTT model, using a dynamic approach, is one of the most relevant. The model takes account of the material's sensitivity to mold growth (material group and surface quality), the RH, and the temperature conditions.
The risk of mold growth in the VTT model is presented as a mold growth index reflecting the amount of mold mycelium on the surface of materials.
The index makes it possible to analyze the critical conditions needed for the start of growth, but it is also a tool to measure the progress of mold growth in different conditions and structures [16] . The mold index (M) is used as a pathology indicator.
Following Ojanen's classification of materials [18] , we considered hemp and lime mix as very sensitive, mineral wool as moderate and existing wall as sensitive because of the aging of materials and the accumulation of dust that create a good substrate for mold. In the case of an interface, Ojanen recommends using the more sensitive of the two materials. Calculation of index M starts six months after the beginning of the simulation, which corresponds to the end of the hemp and lime mix drying period once the water content has stabilized, furthermore, the alkaline environment (pH about 12.5) generated by the lime inhibits the apparition of mold during the first months. Calculation runs up to the end of the third year. The maximum risk of pathology is considered as the maximum of mold growth during the three years tested (MI max).
Viitanen et al. [26] suggested an assessment system according to the type of surface. 
Urban morphology indicators
Three-dimensional urban morphology is mainly responsible for the modification of radiation fluxes and wind profiles. Furthermore, European medieval city centers present a specific urban organization. Here, we study the morphological characteristics by means of indicators in order to observe how the urban form modifies the outdoor boundary conditions. Various indicators are calculated thanks to ArcGIS and a coupling between ArcGIS and EnergyPlus at the scale of the exterior façade, each story of each façade being considered independently.
 The Aspect Ratio (AR) describes a perfect urban canyon defined as AR = H/W with H the height of the buildings and W the width of the street.  The Sky View Factor (SVF) is defined as the fraction of the sky that is visible from a given point on a solid surface. Many of the studies related to radiation availability that have been carried out thus far have focused on the use of relatively simple geometric parameters (aspect ratio or Sky view Factor of the street) and how these relate to the degree of obstruction or degree of access to the sky view [27] . In our case, in order to obtain more precise indicators, we work with the SVF of each story of each façade instead of the SVF of the street, with a factor of 0.5 for a façade without any obstruction to its view of the sky. This indicator is calculated by EnergyPlus based on surface tilt and shadowing surfaces.  Orientation of the façade from 0° to 360°  Number of stories per building, each story being considered as 2.7 m high  Annual insolation (hours/year) represents the duration of direct radiation with clear sky, independently of local climatic conditions, and is calculated with EnergyPlus  Annual global solar radiation (kWh/m² per year) calculated with EnergyPlus  Water quantity of driven rain reaching a façade per year, calculated with Delphin 5 depending on the wind exposure of the façade (orientation of the façade, speed and direction of the wind).  Cumulative condensation potential: exterior surface condensation will occur when the surface temperature drops below the dew point temperature, calculated as a function of temperature and relative humidity of the ambient air. By analogy with the concept established by [28] and then used by [29] , we define CP= Pv(Tair) -Pv,sat(Tsurf). Here, we use the annual cumulative hours with a positive condensation potential,
Results and discussion
ArcGIS and EnergyPlus coupling for exterior boundary conditions
As previously presented, the morphology of the urban environment modifies the external boundary conditions of the thermal and hygrothermal models, hence the need to detail the geometry of adjacent buildings to obtain consistent results. The first step was to validate the coupling ArcGIS and EnergyPlus as a tool to obtain reliable exterior boundary conditions. The reliability was validated by comparison with solar radiation measurements obtained in-situ in the monitored buildings located in the city center of Cahors. Sun radiation was measured by a pyranometer installed vertically on a 2 nd floor west-facing façade of the monitored dwelling. Measurements were taken every 1 min and data were recorded every 10 min, as the average of the previous measurements. Figure 6 compares the simulation results with EnergyPlus and the experimental data. For the same wall, two cases of simulations are analyzed: with and without reflections. EnergyPlus has an option to calculate beam and sky solar radiation that is reflected from exterior surfaces and then strikes the building under study. Surrounding building surfaces are assumed to be diffusely reflecting. For the ground surface, the shadowing is taken into account only if "with reflections" is used. Simulation with reflections shows a better correlation with experimental values. The "With reflections" option allows more precise consideration of the surrounding masks, for both the reflection of the direct and diffuse radiation on the surrounding ground and the interreflections between buildings. Our simulations were run with this option.
Analysis of morphological indicators
A Principal Component Analysis (PCA) helps to identify a possible correlation between the morphological indicators and to observe the distribution of indicators for each façade of the city center. The study points out that, when the orientation is taken into account, the SVF is a reliable indicator to describe the modifications of incident radiation on the façade.
Results have shown ( Figure 7 ) that a significant alteration of the SVF value occurs in the city center. The sky view factor value is less than 0.05 for 57% of the ground floor façades and for 33.7% of all stories, which corresponds to a significant reduction of radiation. PCA also shows that the city center can be considered as a homogenous group of buildings in terms of urban morphology, no specific pattern being observed. It is thus relevant to reduce the study to a single representative urban block, once it has been verified that the distribution of morphological indicator values are similar between the chosen urban block the whole city center. For example, the representative city block has the same four main orientations as the whole city center ( Figure 9 ). Studying a representative city block (44 buildings and 800 walls) instead of the whole city center (1400 buildings and 30000 walls) permits computation time to be drastically reduced. Different conclusions can be drawn from Figure 10 . First of all, for the same wall located on the ground floor, a marked difference of mold growth is observed between the two insulation systems. The hemp and lime mix (HL) presents no risk of mold while the mineral wool insulation (MW) presents an unacceptable risk after 2 years. The second point is the difference observed for the same wall located at different floors: the different exterior boundary conditions lead to different mold growth, the ground and first floor presenting a risk while no risk is detected for the 2nd and 3rd floors.
The PCA establishes correlations between urban indicators and pathology risks. We observe that orientation has a major influence on the hygrothermal performance of a wall. For example, for a south-facing wall, the SVF appears to be a relevant indicator to evaluate the risk of pathology ( Figure 11 ). For mineral wool insulation, façades with an SVF lower than 0.3 present a risk of pathology while, for hemp and lime mix, only façades with very low SVF present a possible risk. For each orientation, PCA reveals a different major influence of indicators. Figure 12 illustrates the risk of pathology for each façade according to the orientation. Risk is illustrated with the traffic light representation. This study highlights various observations:
-The timber framed walls are subject to a higher risk of pathology than massive brick walls, so they need to be insulated carefully. The small thickness of the timber framed wall is mainly responsible for this vulnerability. -For both fabrics, mineral wool leads to higher relative humidity at the interface -West-facing façades also present risks, but the appearance of a pathology is mainly due to Wind-Driven-Rain, which is more abundant for this orientation -South-facing façades are particularly sensitive to the effects of masks on solar radiation. They will have the most different hygrothermal responses depending on the floor. The upper floors will be less sensitive, while the ground floor will be particularly vulnerable. -The vulnerability of the North-facing façades mainly comes from the condensation potential. Unlike South-facing façades, top floors that face north can also be sensitive because of the greater radiation of the sky vault during the night. The use of brick on the façades reduces the risk of surface condensation thanks to its high absorptivity and thermal capacity, but North façades are not exposed to solar radiation and they cannot accumulate as much heat as other orientations. The North façades with a high Sky View Factor (upper floors or in streets with low aspect ratio) are exposed during the clear nights to radiation from the sky, that overcools the surface temperature and thus are more subject to surface condensation.
Finally, the pathology risk has been mapped for each façade of the city block using the GIS tool ( Figure 13) . The mapping provides a clear and highly visual deliverable for the city of Cahors with an urban planning tool. Again, the risk is mapped with traffic light representation. In Figure   13 , the higher risk of pathology with mineral wool appears clearly. For walls insulated with hemp and lime and presenting a risk, the addition of an efficient ventilation system is necessary to avoid high indoor relative humidity. 
Conclusion
This paper has presented a study conducted to estimate the long-term moisture response of façades, taking the urban morphology into account. The study highlights the fact that a building in a very dense area should not be treated in the same way as a stand-alone building, especially in terms of thermal radiation. Urban geometry must be precisely described to obtain relevant boundary conditions. Orientation has an effect on mold growth, mainly because of the variation in exposure to solar radiation and driven rain. The study points out that wooden framed walls should be refurbished carefully and that insulation with mineral wool presents a risk of decay due to the appearance of mold at the interface. The risk of decay is clearly decreased with the use of hemp and lime insulation. Furthermore, simulating walls with boundary conditions but without considering local microclimates can lead to insulation materials such as bio-sourced insulations being disregarded, while these materials present interesting features for a low carbon refurbishment of historical buildings. In the case of walls receiving extremely low solar radiation, risks are present even with hemp and lime insulation, and the recommendation will be to install an efficient ventilation system to avoid high indoor relative humidity.
Coupling software presents a relevant way to estimate boundary conditions while taking account of urban morphology. The use of a GIS tool since the beginning of the coupling allows the results to be mapped and an appropriate deliverable to be obtained for policy makers and urban planners. Mapping the results helps to identify areas where specific actions and recommendations are needed according to the risk of mold growth.
